Streptomycin inhibited growth and sporulation of Saprolegnia species, although variations in sensitivity were recorded. In sporulating colonies, streptomycin increased both the length of the post-induction lag phase and the proportion of gemmae. Antibiotic concentrations (> 100 pg ml-l) which resulted in the leakage of potassium ions from sporulating colonies also correlated with the condensation of hyphal cytoplasm into lysed segments. In vegetative colonies grown in > 500 pg streptomycin ml-l, changes were seen in the organization of endoplasmic reticulum, mitochondria and nuclei. These inhibitory effects could be counteracted by the addition of calcium ions. Some observed effects were consistent with an impairment of normal mitochondria1 function, but others, particularly in sporulating colonies, were possibly the result of interference with cellular functions regulated by calcium or other divalent cations.
GYPS agar plates (10 per treatment) were inoculated with 4 mm plugs cut from the margins of 18 to 24 h colonies and incubated at 25 "C in the dark. At intervals colony diameters were measured and mean radial growth rates were calculated.
Plastic Petri dishes (9 cm diam.) containing 15 ml liquid GYPS medium were similarly inoculated, and colonies were harvested after 68 h static incubation at 25 "C in the dark and dried to constant weight at 60 "C.
Induction of sporulation. Colonies for antibiotic-induction experiments were obtained by inoculating as above into liquid GYPS medium and incubating for 18 h at 20 to 22 "C. The resulting 15 to 20 mm diameter colonies were induced to sporulate by sequential transfer through two 500 ml volumes of sterile distilled water with gentle agitation to remove traces of nutrient medium. Washed colonies were transferred to plastic Petri dishes (9 cm diam.) containing 15 ml sterile distilled water with added antibiotic (10 to 1000 pg ml-l). Two replicate dishes, each containing two colonies, were set up for each concentration and incubated at either 20 "C (S. furcata) or 25 "C (S. ferax) in the dark. Streptomycin toxicity increases with temperature (Griffin & Coley-Smith, 1971 ) and the temperatures selected gave maximum yields of sporangia or oogonia without having deleterious effects on spore formation. Assessment of antibiotic efects. Sporangium and oogonium production was scored by direct microscopic examination at regular intervals after induction. Sporangia and oogonia containing differentiated spores (post-cleavage stages; Gay & Greenwood, 1966) were recorded separately. Consistent assessments of sporulation were obtained by scoring five low-power fields (individual area 1.72 mm2) in each of the four replicate colonies. Sporulation and spore formation in antibiotic treatments were expressed as percentages of the controls converted into probit units using the tables given by Finney (1971) and plotted against the logarithms of the antibiotic concentrations. The data presented are the results of single experiments which have been confirmed by one or more replicates.
Measurement of colony respiration and K+ eflux. Oxygen uptake by liquid-grown vegetative colonies was measured in a Rank oxygen electrode. Colonies grown for 48 h were transferred to the electrode cell containing 3 ml of equilibrated medium at 25 "C, and oxygen uptake was recorded for 5 to 15 min according to respiratory activity. Colony damage was reduced by separating the colony from the magnetic stirring flea using a disc of 2 mm mesh nylon.
The leakage of K+ from five 18 h colonies into 15 ml antibiotic inducing medium was measured using a flame photometer. Leakage was expressed as a percentage of that from colonies which had been killed by heating at 100 "C for 10 min.
Microscopy. Vegetative and sporulating colonies were examined using a Reichert Zetopan microscope and photographed using an electronic flash unit (Zeiss Ukatron). Material was processed for electron microscopy using glutaraldehydelosmium or osmium fixation schedules (Beakes & Gay, 1978) .
R E S U L T S

Efects of streptomycin on vegetative growth
There was considerable variation in the sensitivity of vegetative growth to streptomycin, which was manifest at the replicate (Fig. 1 a, S. furcata), isolate (Table 1, S. ferax) and species (Table 1) levels. Different antibiotic stock solutions tested on agar media often showed considerable variations in toxicity (ED,, doses for colony radial growth rate in S. furcata ranged from 50 to 700 pg ml-l, Fig. 1 a) although all the log dose-response curves had similar gradients (Fig. 1 a, S. furcata) . With the exception of two S. ferax 'isolates (ADG, 204B), all the species tested on agar media were inhibited to some extent by the range of antibiotic concentrations used.
The colony radial growth rate of S. furcata decreased linearly with an increase in the logarithm of the streptomycin concentration ( Fig. 1) which agrees with previous studies , (Trinci & Gull, 1970) . However, the streptomycin-tolerant S. ferax isolates showed a marked increase in the log dose-response gradient at concentrations above 300 pg ml-l (Fig. 1 a) which suggested a biphasic response to the antibiotic. Inhibition of vegetative growth by streptomycin appeared more marked in liquid culture than on agar GYPS media (Fig. 1 b) although the differential sensitivity of S. ferax (ED,, about 1000 pg ml-l) and S. furcata (ED50 about 50 pg ml-l) was still apparent (Fig. 1 b) . Streptomycin reduced the uptake of oxygen by S. furcata colonies although this inhibition was proportionally less than the corresponding dry weight decrease ( Table 2) .
Efects of streptomycin on Saprolegnia
Eflects of streptomycin on spore formation
Streptomycin inhibited sporangium (ED50 about 25 pg ml-l, Fig. 2 ) and oogonium (ED,, about 70 pg ml-l, Fig. 3a ) production in S. ferax and in S. furcata, respectively. In both, the length of the pre-sporulation lag phase increased approximately linearly with antibiotic concentration (Figs 2b, 3b) . As with growth inhibition there was a good deal of variation in toxicity to sporulation between replicates, with ED,, values of 10 to 100 pg ml-l in S. ferax and 50 to 300 pg ml-l in S. furcata.
When inhibition of oogonium production in S. furcata was plotted on a probability scale against the logarithm of the antibiotic concentration, a two phase dose-response curve was obtained (Fig. 3 c) , with an increase in gradient occurring at concentrations above 300 pg ml-l. Saprolegnia ferax also showed the same trend at concentrations above 50 pg rnl-l, but there were insufficient data points to confirm this unequivocally (Fig. 2c) . Streptomycin inhibited the differentiation of both zoospores and oospores which resulted in an increase in the proportion of undifferentiated gemmae in antibiotic-induced colonies (Fig. 4) . In experiments in which the inhibition of sporangium and oogonium production were similar (ED,, about lOOpgml-l), the effects of streptomycin on asexual and sexual spore differentiation were virtually identical (Fig. 4) . Spore differentiation was usually arrested at the vacuolate pre-cleavage furrow stage (see Gay & Greenwood, 1966; Gay et al., 1971) and the formation of abnormally large multiflagellate spores, such as reported in Pseudoperonospora (Griffin & Coley-Smith, 197 l), was rare. Many inhibited sporangia and oogonia continued to grow vegetatively, supporting their classification as asexual gemmae.
In addition, streptomycin induced the efflux of K+ from induced colonies of S. ferax at concentrations above 50 pg ml-l (Fig. 5) and from S. furcata above 100 pg ml-l (Fig. 5) .
The leakage of K+ was correlated with the appearance of u.v.-absorbing substances in the inducing solution. The extent of K+ leakage was greater in S. ferax, reaching 80 % of the heat-killed level compared with only 60 % in S. furcata (Fig. 5) .
The recovery of antibiotic-induced colonies when streptomycin was removed 24 h after induction was assessed in S. furcata which was convenient to work with due to the slower rate of oogonium differentiation. Removal of the antibiotic resulted in a partial recovery of oogonium production (assessed after a further 72 h incubation) and increased the proportion of cleaved bodies, but levels of oogonium/gemmae production, even with 50pg streptomycin ml-l, were always below those in the controls (Fig. 6a) . This suggests that most damage caused by streptomycin is irreversible.
Streptomycin was added to S. furcata colonies (24 h) containing pre-cleavage oogonia and subsequent development was followed for a further 72 h. Streptomycin concentrations of 50 to 500 pg ml-1 reduced further oogonium production and arrested spore formation (Fig. 6b) . However, the majority (about 80 %) of the inhibited oogonia were not killed and continued to develop vegetatively.
As reported in the Peronosporales (McMeekin, 1973) , addition of Ca2+ (0-2 mM) considerably reduced the effects of streptomycin on both oogonium production and spore differentiation, even at antibiotic concentrations considerably in excess of that of the cation (Fig. 6c) . Other experiments showed that Mg2+ was a less (about 50 %) effective streptomycin antagonist than Ca2+, and Mn2+ was totally ineffective due to its toxicity to S. furcata. (b) Effect of adding streptomycin 24 h after induction. Oogonium development in distilled water-induced colonies was assessed after 24 h (24 h histograms). These were transferred to streptomycin solutions and subsequent development was assessed after a further 72 h incubation (96 h histograms).
(c) Effect of Ca*+ on streptomycin action. The production of oogonia in normally induced colonies [control (C) and Sm histograms] is compared with that in replicates to which 0.18 mM-Ca2+ has been added (+Ca histograms). Assessment was made 96 h after induction.
Eflects of streptomycin on hyphal morphology andjne structure Streptomycin did not significantly alter the morphology of vegetative hyphae either on agar or in liquid culture, although increasing antibiotic concentrations reduced the overall density of hyphae in the colony. Hyphae were sectioned in the region of their leading apices, extending to about 200 pm behind the tip. The ultrastructural organization of hyphae grown on streptomycin concentrations between 10 to 100 pg rnl-l was indistinguishable from the untreated controls. The main apices showed the characteristic zonation of wall vesicles, mitochondria, nuclei and vacuoles described by Heath & Greenwood (1968) and Heath et al. (1971) .
At streptomycin concentrations between 500 and 1000 pg ml-l the hyphae showed several Eflects of streptomycin on Saprolegnia 367 abnormal features, particularly in regions 100pm or more behind the apices (Figs 7, 8 ). Mitochondria were still abundant but were usuaiiy longer (2.0 to 7.0pm compared with 1.5 to 2-Opm) than in control hyphae (Fig. 12) . Many cmtained moderately electron-dense filaments, between 0.3 and 1.0 pm in length (Fig. 8) . Parallel arrays of two to four cisternae of rough endoplasmic reticulum were often closely associated with the mitochondria and nuclei (Fig. 7) . Comparable stacked arrays were not seen in control hyphae or at lower antibiotic concentrations. At high antibiotic concentrations the nuclei had less uniformly particulate nucleoplasm, conspicuous nucleoli and patches of electron-dense material (heterochromatin?) adhering to the inner face of their nuclear envelopes (Fig. 7) . These nuclei are not unlike those seen in early stages of autolysis. Hyphal walls were extremely thin (80 to 90 nm) and electron-transparent and were not altered by antibiotic treatments (Fig. 9) . Plasmalemmasomes and lomasome inclusions were extremely rare in vegetative hyphae.
When colonies were transferred from nutrient medium to distilled water hyphal extension ceased, and after a short lag period cytoplasm accumulated in sporangium (Gay & Greenwood, 1966 ) and oogonium initials (Gay et al., 1971) . In many antibiotic-induced colonies the first observable effect on hyphal cytology was the condensation of hyphal cytoplasm into densely granular segments, which appeared highly refractile under anopteral (dark field) phase optics (Fig. 9a) . These appeared within 2 to 3 h of induction and were common at concentrations above 50 pg ml-l, often giving the cytoplasm a characteristic beaded appearance (Fig. 9a) . In other regions of hyphae the cytoplasm appeared more generally dispersed and disorganized (Fig. 9 b) . These cytoplasmic changes were irreversible and were quite unlike those produced by plasmolysing the hyphae in 0.8 M-sucrose.
Electron microscopy of antibiotic-induced hyphae (500 to 1000 pg ml-l) revealed that most of these regions of condensed cytoplasm were composed of disorganized, dense, particulate and membranous groundplasm in which coalesced lipid droplets were the only identifiable components (Fig. 10) . The intervening hyphal segments were empty except for membrane fragments and lipid droplets (Fig. 10) .
In some hyphae the dense regions retained their structural integrity and an intact plasma membrane (Fig. 11) . Such regions were packed with osmiophilic lipid droplets between which were elaborate membranous and vesicular arrays (Fig. 11) . Apart from ribosomes, none of the usual organelles were present. The hyphal walls were quite thick (150 nm) and lomasomes and peg-like ingrowths were common (Fig. 1 1) . In one streptomycin-induced colony (100 pg ml-I), fixed 48 h after induction, hyphae containing both normal cytoplasm and regions of dense, lysing cytoplasm were observed (Fig. 12) . This was of interest because apparently normal and dense (lysing) regions of the hyphal cytoplasm were separated from each other by fine strands (50 to 80 nm) of wall-like material which ran both across and along the hyphal compartment (Fig. 12) .
DISCUSSION
Vegetative growth of Saprolegnia shows a similar sensitivity to streptomycin to that reported for the Peronosporales (Eckert & Tsao, 1962; Hine, 1962; Voros, 1963 Voros, , 1965 Shattock & Shaw, 1975) . Hence, the incorporation of 500 pg streptomycin ml-l into culture media to restrict bacterial contamination (Willoughby & Pickering, 1977) could well prevent the growth of some SaproZegnia species. Agar contains divalent cations, such as Ca2f (Elliott, 1972) , which will reduce streptomycin potency. Therefore, the use of solid media alone for assessing antibiotic toxicity (Olah & Farkas, 1978) may not always give a true indication of sensitivity.
In the Saprolegniales, as in the Peronosporales (Griffin & Coley-Smith, 1971 ), streptomycin inhibited both production and differentiation of sporangia. The similarity between the inhibition of sporangium and oogonium development suggests the same mode of IP: 54.70.40.11
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Eflects oj'streptomycin on Saprolegnia 369 antibiotic action against both. Rather surprisingly, the sensitivity of sporulation to streptomycin was not closely correlated with its effects on vegetative growth. The extension of the post-induction lag phase in streptomycin-induced colonies was similar to that described in actinomycin-D-induced Achlya colonies (Griffin & Breuker, 1969) and in many spore germination assays (Trinci & Gull, 1970) . Extended lag phases may allow the partial recovery of damaged cytoplasm. It was remarkable that sporulation was still observed in antibiotic-induced (100 to 1000 pg ml-l) colonies in which most of the cytoplasm had condensed and apparently lysed (Figs 9, 10) . The extensive deposition of strands of wall material in streptomycin-induced hyphae of S. furcata was similar to that in colcemid and vinblastin-grown hyphae of S. ferax (Heath, 1975) . This response may, therefore, be a general one to damage in coenocytes, comparable to the premature plugging of pores in septate fungi.
In eukaryotes, streptomycin may disrupt mitochondrial and plastid functions (Boschetti et al., 1974) , inhibit cytoplasmic protein synthesis (Venis, 1969) or generally disrupt metabolism regulated by divalent cations or other growth factors (Venis, 1969; McMeekin, 1978) . The inhibition of oxygen uptake by streptomycin, also reported in Pythium species (Hine, 1962) , suggests impairment of normal mitochondrial function. The absence of disorganized hyphal mitochondria, such as are induced by other mitochondrial inhibitors (Lloyd, 1974) , need not mean that the mitochondria are unaffected. Apparently normal mitochondria from chloramphenicol-treated Pythium hyphae lacked stalked particles on their inner cristal membranes and were deficient in cytochromes (Marchant & Smith, 1968) . The filaments in the mitochondrial matrices in streptomycin-grown hyphae of Saprolegnia resemble protein microfilaments in certain yeast mitochondria (May, 1974) . These filaments may be derived from deranged mitochondrial protein synthesis or accumulated cytoplasmic imports (see Boschetti et al., 1974) . The accumulation of cisternae of rough endoplasmic reticulum in streptomycin-grown hyphae also supports impairment of normal mitochondrial function, Similar arrays occur in chloramphenicol-treated pollen tubes (Dexheimer, 1966) and in onion cells treated with phosphon D (Podbielkowska et al., 1975) .
The two phase, probit dose-response curves for the inhibition of oogonium, and perhaps sporangium, production suggest streptomycin may affect metabolism differently at low and high concentrations (Finney, 1971) . The increase in curve gradient correlates with the antibiotic concentrations ( > 50 ,ug ml-l in S. ferax and > 100 pg ml-1 in S. furcata) which induce K+ leakage and cause cytoplasmic lysis. These effects were similar to EDTA-induced Abbreviations: er, endoplasmic reticulum; L, neutral lipid droplet; lo, lomasome; M, mitochondrion; N, nucleus; W, cell wall. Bar markers represent 1 pm unless otherwise indicated. Fig. 7 . Abnormal nucleus (N) and cytoplasm from a hypha of Saprolegnia furcatu grown with 500 pg streptomycin ml-l. Note arrays of endoplasmic reticulum. (Van Steveninck, 1965; Elferink, 1974) . Streptomycin is known to behave as a divalent cation and has been shown to bind to anionic sites on the sporangium walls of Pseudoperonospora humili (Griffin & Coley-Smith, 1975 ). This suggests a major effect of high concentrations of streptomycin may be competition for and displacement of Ca2f from wall and membrane sites (Cameron & LbJohn, 1972) , destroying membrane integrity and leading to cytoplasmic lysis. The effects of divalent cations in reducing streptomycin toxicity may also be related to the inhibition of streptomycin uptake due to competition for suitable adsorption sites and specific membrane-bound carriers (Venis, 1969; Griffin & Coley-Smith, 1975) . The effectiveness of less than equimolar Ca2+ concentrations in reducing streptomycin inhibition of sporulation is similar to that reported in Pseudoperonospora humili and indicates a strong affinity of Ca2+ to suitable cellular ligands (Griffin & Coley-Smith, 1975) .
The similar dose-response for streptomycin inhibition of Saprolegnia zoospore and oospore formation reflects the similar mechanism of asexual and sexual spore differentiation (Gay & Greenwood, 1966; Gay et al., 1971) . The way in which streptomycin affects spore differentiation is unknown but the fact that it arrests development in delimited and vacuolate oogonia indicates a direct effect on cleavage furrow development. Since it has been shown that calcium is required for spore cleavage in Achlya (Griffin, 1966; Cameron & LiJohn, 1972) and Saprolegnia (Fletcher, 1979) , this may be another example of streptomycin interfering with a cellular function regulated by calcium.
It seems unlikely that the streptomycin-tolerant isolates of S. ferax are true resistant mutants, such as have been induced by mutagens in Phytophthora species (Shaw & Elliott, 1968; Shattock & Shaw, 1975) and Chlamydomonas reinhardi (Boschetti et al., 1974), since they are susceptible to the antibiotic at other stages in their life cycle. Voros (1963 Voros ( , 1965 has suggested that streptomycin sensitivity is correlated with the ability to take up the antibiotic, with sensitive oomycetes absorbing more than twice that of tolerant fungi. However, McMeekin (1978, and personal communication) has shown that the sensitivity of Pythium depends on temperature and medium composition. It is therefore possible that the greater sensitivity of Saprolegnia described here, compared with the results of Olah & Farkas (1978), may be due to the use of different assay media (GYPS compared with oat meal agar) and incubation temperatures.
Variation in streptomycin sensitivity at both the species and developmental levels may be related to the overall availability and number of suitable cellular binding sites as has been shown for EDTA (Elferink, 1973) and saponin (Olsen, 1974) 
